The sediment sources in the southern Okinawa trough (SOT) are still controversial and few studies have focused on the effects of transport processes on the elemental composition of initial terrigenous materials. Here we present rare earth element (REE) and trace element data on siliciclastic sediments from 14 C age-dated Core S3, which was collected from the SOT, to provide reliable evidence for illustrating the modified effects of marine environments on terrigenous sediments deposited at different stages and exposing changes in sediment source over the past 3 ka. Compared with bulk sediments, the siliciclastic sediments in S3 have more variable REE fractionation parameters and lower middle REE (MREE) contents. Our REE data indicate that during river-sea processes, MREEenriched fractions such as Fe-Mn oxides and carbonate were added to the original terrigenous sediments before deposition, weakening the degree of REE fractionation in the initial sediments; thus, care should be taken when using REE data from bulk samples to decipher source changes. The temporal changes in sediment source in S3 can be broadly identified based on the REE fractionation param-eters of the residual fractions, and the results are largely consistent with the findings obtained by heavy mineral examinations. Units 1 and 3 are dominated by reworked shelf sediments of Changjiang origin, while the proportion of Taiwan-derived sediment is notably higher in Units 2 and 4. The sediment flux of Taiwan origin in the SOT was much smaller than previously thought. Huanghe-derived sediments and volcanic materials did not contribute significantly to the late Holocene sedimentation in the SOT. The large variations in sediment sources in S3 were possibly caused by changes in transport patterns driven by timedependent changes in oceanic currents.
Introduction
The Okinawa Trough (OT) is a newborn intracontinental basin located between the southeastern side of the continental shelf of the East China Sea (CSECS) and the northwest side of the Ryukyu Island Arc (Figure 1 ) [1, 2] . This region is covered by a thick layer of sediment [3, 4] and accompanied by frequent hydrothermal [5] [6] [7] [8] and magmatic activity [9] [10] [11] [12] [13] . The OT represents an ideal area for studying land-ocean interactions and paleoceanography because of its unique geographic location, complicated ocean current systems and sustained sedimentation since the late Quaternary [3, 4, [14] [15] [16] . Notably, the sedimentation rates in the southern OT (SOT) (usually > 0.1 cm/a) are much higher than those reported in the central and northern OT, which generally fall in the range of 0.01-0.03 cm/a [17] [18] [19] [20] [21] [22] . Therefore, the SOT, as an important sink for terrigenous sediments with high sedimentation rates, can provide an important archive for identifying the sources of terrigenous sediments.
Terrigenous sediments deposited in the OT are characterized by multiple sources, including sediment trans-Fujian Coastal Current; CDW=Changjiang Diluted Water; YSCC=Yellow Sea Coastal Current; YSWC=Yellow Sea Warm Current. ported by the main rivers flowing through mainland China (Changjiang and Huanghe) and Taiwan [3, 4, [23] [24] [25] [26] and volcanic materials originating from volcanic eruptions in the Japanese islands [27] [28] [29] . Terrigenous sediments can be transported to the sedimentation area directly from rivers when the sea level is quite low, and the driving forces caused by ocean currents, earthquakes, hydrothermal ac-tivity, volcanic activity and wind can also contribute to the accumulation of siliciclastic sediments in the OT [30, 31] . The climate in the study area is mainly controlled by the East Asian monsoon system, which is characterized by significant seasonal fluctuations in temperature, humidity, and atmospheric circulation [4, 32] . The seasonal fluctuations of the monsoon regime generally lead to significant changes in the hydrogeological conditions of the OT and the East China Sea (ECS) and to changes in the magnitude and direction of the Kuroshio Current (KC) [4, 32] .
In recent years, many efforts have focused on using mineralogical and geochemical methods [3, 4, 25, 26, [32] [33] [34] [35] to identify the source of sediment collected from the OT. However, the source of the sediment in the OT is still unclear. In the SOT, for example, evidence from clay mineralogy and Sr-Nd-Pb isotopes of the sediment from the Ocean Drilling Program (ODP) Hole 1202B suggests that the detrital sediment in the SOT since the Holocene has been dominated by Taiwan-derived sediments [4, 32] ; a calculation in an earlier study simulated the sediment from Core RC14-91 in the SOT and indicated that it is a mixture of approximately 60% from Taiwan, 30% from Chinese Loess Plateau and 10% from Changjiang [35] . These studies were performed at a single sampling location and cannot represent the entire research area. The SOT is the deepest 'sink' in the OT and presents a complex geological setting, which may lead to the accumulation of sediments with distinctive sources and transport patterns at different sites. Therefore, more detailed analyses based on reliable tracers with high-resolutions are urgently needed for core sediments collected from other sites in the SOT.
Rare earth elements (REEs) are trustworthy tracers that have become powerful geochemical tools for sediment source studies because of their highly conservative behavior during Earth surface processes [25, [36] [37] [38] [39] [40] [41] [42] . The REE geochemical characteristics of sediment in the OT have been well documented by previous studies on surface sediments [43, 44] and core sediments [25, 26, 34, 44] . However, these studies have mainly focused on the middle and northern parts of the OT, and source studies that use REE composition in the SOT remain to be performed.
In general, the bulk REE composition of the original weathered products can be altered by multiple complex geochemical and physicochemical conditions during the transport processes of the sediment from the source area to the sink site [36, [45] [46] [47] [48] [49] [50] . Additionally, the elemental compositions of the initial sediments may be modified or changed while the acid-leachable fractions (e.g., authigenic and bioclastic minerals) or terrigenous sediments from multiple sources are added and deposited at the same time [42, 51] . However, few studies have focused on the effects of transport and deposition processes on the elemental composition of initial terrigenous materials in the study area.
Therefore, the main objectives of this study are to (1) characterize the REE composition of siliciclastic sediments in Core S3 collected from the SOT; (2) evaluate the impacts of river-sea processes and depositional environments on the REE contents of sediments in the SOT from a chronologic perspective via comparisons with bulk sediments; and (3) constrain the changes in the sources of the siliciclastic sediments in the SOT over the past 3000 years.
Materials and methods
Core HOBAB4-S3 was collected at a water depth of 1351 m from the continental slope of the SOT (122 ∘ 37.98 ′ E, 24 ∘ 49.42 ′ N) using a piston corer from R/V SCIENCE during the HOBAB4 cruise in 2016 ( Figure 1 ). This 420 cm long core is mainly composed of steel-gray clayey silt. No distinct volcanic ash interlayer is found in this core, but two small turbidite layers with extremely high contents of sand are observed at depths of 313-316 cm and 388-390 cm.
A high-resolution age model for Core S3 was established based on accelerator mass spectrometry (AMS) 14 C ages of planktonic foraminifera picked from 5 sediment layers (S. Hu, submitted for publication). The original dating data were calibrated to calendar years before AD 1950 using the online program CALIB 7.1, http://calib.org; [52] , the calibration data set Marine13.14c [53] and Delta R=35±25 [54] . A total of 210 subsamples at 2 cm intervals were measured for grain size composition, and a portion of the data were first reported by Hu et al. [55] .
A total of 106 subsamples were collected from S3 for element analysis. To remove the biogenic and authigenic components in the sediments, we followed the pretreatment method described and successfully applied in previous studies [4, 25, 34, 56, 57] . Approximately 0.2 g of bulk sediment was weighed into a 50 ml centrifuge tube to react with 20 ml 1 M HCl for 24 h in a 50 ∘ C water bath. After leaching with dilute HCl, the residual fractions were washed twice using ultrapure water (UPW) and then dried to a constant weight at 50 ∘ C. Approximately 40 mg of powdered residual sample was weighed and transferred to a Teflon vessel for acid digestion. The residues were digested with 1.5 ml HF and 0.5 ml HNO 3 for 24 h on a heating plate at 150 ∘ C, and after this step, 0.25 ml HClO 4 was added and then heated until dry. Afterwards, 1 ml HNO 3 and 1 ml UPW were added to dissolve the white cake for another 24 h on a heating plate at 150 ∘ C. The solution was finally diluted to approximately 40 g with UPW to prepare for testing. The contents of REEs and trace elements in the residues were measured by ICP-MS (ELAN DRC II) in the Key Laboratory of Marine Geology and Environment, Institute of Oceanology, Chinese Academy of Sciences. Standard samples provided by the USGS (BCR-2 and BHVO-2) and CO-MAR (GBW07316 and GBW07315) were used for the data Figure 2 : Calendar age, linear sedimentation rate, grain composition [55] , mean grain size [55] and sorting of Core S3. quality control, and the results were within the range of ± 5 % of the certified elemental contents. The analytical precision was generally <3% for the REEs and <5% for other trace elements. To better evaluate the impact of the riversea processes on marine sediments, 106 REE data of the bulk sediments were cited for comparison [55] . In this study, the leachable components, such as materials adsorbed onto the clays, most of the amorphous Mn-Fe (hydr)oxides, all of the biogenic or detrital carbonates and apatite were removed during the leaching procedure [3, 4, 25, 38, 42, [58] [59] [60] [61] . The residual fractions after treatment with dilute HCl for 24 h are expected to represent the insoluble silicates and aluminosilicates, which are resistant to weathering processes and contain more reliable information for the identification of sediment source [42, 62] .
To identify the sediment sources more thoroughly, heavy mineral analysis was carried out for bulk samples from 11 layers of Core S3. Heavy minerals were separated from the chosen layers using conventional heavy liquid (CHBr 3 ; 2.89 g/cm 3 ) and magnetic techniques. Qualitative and semiquantitative identification of the separated heavy minerals was carried out by stereomicroscopy and polarizing microscopy.
Results

Chronology and grain size composition
The depositional age at the bottom of Core S3 (420 cm) is estimated to be 2995 a BP, which indicates that a nearly 3 ka sedimentary record is well preserved by this core. The linear sedimentation rate (LSR) and sample resolution of S3 were calculated based on the radiocarbon dating results ( Table 1 ). The LSR presents an obviously increasing trend from the bottom to the top of S3 (Table 1, Figure 2 ), which is different from that of the nearby ODP Hole 1202B [54] and higher than that of sediment cores from the northern and central OT [17] [18] [19] [20] [21] [22] . Because of the high sedimen- tation rate and the 1 cm sampling interval, the average time resolutions in this study (3-14years) were higher than those of other studies in the OT [25, 26, 34] , thus providing relatively higher-resolution materials for sediment depositional processes study.
The sediments in Core S3 are mainly composed of silt (2-63 µm) and clay (<2 µm), and sand is present in only a few layers ( Figure 2 ). Two small turbidite layers with extremely high contents of sand are found at 313-316 cm and 388-390 cm. With the exception of the two turbidite layers, the mean grain size (Mz) values of sediments in S3 range from 11.18 to 19.33 µm, with an average value of 12.91 µm (n=208). The values of the sorting coefficient change from 0.95 to 1.33, with a mean value of 1.10 (n=208). The low values of the sorting coefficient probably indicate that most of the sediments in S3 are well sorted. Overall, no significant change can be observed in the vertical variations in the clay fraction and the silt fraction ( Figure 2 ). The clay fraction changes by approximately 13.08% (n=208) and varies between 9.04 and 17.00%, whereas the silt fraction lies in the range of 83.00-90.96% and overall fluctuates near 87.00% (n=208).
REE partitioning in the residual fractions and bulk sediments
The REE composition of the residual fractions from Core S3 are shown in Figure 3 and Table 2 . Additionally, the REE composition of the bulk sediments from S3 are cited for comparison ( Figure 3 , Table 2 ) [55] . According to the vertical changes in the REE contents and characteristic param- For all layers, the mean ∑︀ REE (the sum from La to Lu) in the residual fractions and in bulk sediments are similar, i.e., 168.68 ± 8.39 µg/g and 168.23 ± 6.96 µg/g (n=106), respectively. Among most of the layers, the residues show higher ∑︀ LREE contents (the sum from La to Nd) (mean=148.49±7.64 µg/g, n=106) compared to those in the bulk sediments (mean=145.18±6.09 µg/g, n=106). LREEs in the residual fraction from Unit 2 and Unit 4 (152.05±6.17 µg/g and 151.83±7.76 µg/g, respectively) are more enriched than those in Unit 1 and Unit 3 (144.31±8.08 and 148.1±3.48 µg/g, respectively). MREEs are more prone to be leached by dilute HCl than other REEs, and the ∑︀ MREE values (the sum from Sm to Ho) in the residual samples (12.89-16.63 µg/g in range; mean=15.10±0.69 µg/g) are distinctly lower than those in the bulk samples (15.64-19.95 µg/g in range; mean=17.72 ± 0.74 µg/g). In the residual fractions, the ∑︀ HREE values (the sum from Er to Lu) are lower in Unit 2 (4.92±0.30 µg/g, n=31) than in Units 1, 3 and 4 (means 5.13±0.29, 5.31±0.19 and 5.08±0.32 µg/g, respectively). Clearly, the HREE contents in the residues from Unit 2 are lower than those in the bulk sediments (5.51±0.25 µg/g), which differs from the results of other units ( Table 2 ).
Ce 3+ is generally known to be oxidized to Ce 4+ under surface conditions, and Eu 3+ is reduced to Eu 2+ under strongly reducing environments and/or when the temperature is extraordinarily high, while the other REEs remain in the form of trivalent cations [63, 64] . The redox processes mentioned above may lead to the fractionation of Ce and Eu from the remaining REEs. The fractionation of Ce from other REEs generally occurs in response to an oxidation reaction. Because Ce 4+ is more insoluble than Ce 3+ , Ce 4+ can be removed from solution and then incorporated into authigenic mineral phases [63] [64] [65] .
The fractionation of Eu from other REEs generally occurs in response to a reduction reaction. Eu 2+ can easily replace Ca 2+ because of their similar crystal chemical properties; hence Eu 2+ can be separated from REEs 3+ and be involved in other processes [63] [64] [65] . Ce anomalies (δCe) and Eu anomalies (δEu), as vital characteristic parameters for quantitatively assess the extent of the Ce and Eu fractionations, are defined as δCe=Ce N /(La N ×Pr N )^0.5 and δEu=Eu N /(Sm N ×Gd N )^0.5, respectively, where the subscript N indicates normalization by chondritic values [66] . Ce anomalies are nearly absent in the bulk sediments and present values ranging from 0.98 to 1.04 (mean=1.01±0.01, n=106). The values of Ce anomalies in the residues vary in a wider range compared with that of the bulk sediments (range from 0.99 to 1.07; mean=1.01±0.02), and many samples exhibit relatively remarkable positive Ce anomalies.
Both the bulk and residual fractions show moderate negative Eu anomalies, whereas the anomalous degrees of the residual samples (0.58-0.72 in range; mean=0.66±0.03, n=106) are relatively more obvious than those of bulk samples (0.64-0.76 in range; mean=0.70±0.03, n=106) ( Figure 3 , Table 2 ).
Characteristics of UCC-normalized REE patterns
The REE composition of the bulk and residual sediments in Core S3 was normalized by the upper continental crust (UCC) [67] to further assess the possible modification effects of river-marine systems on the original sediment during the erosion, transport and sedimentation processes ( Figure 3 , Figure 4 , Table 2 ). The REE parameters in the residual fraction are characterized by extremely high (La/Sm) UCC ratios (1.09-1.20 in range; mean=1.15±0.02, n=106) relative to those in the bulk sediments (0.91-1.02 in range; mean=0.95±0.02, n=106). The (La/Yb) UCC and (Gd/Yb) UCC values of the bulk and residual sediments in Core S3 exhibit diverse characteristics with marked changes occurring in Unit 2. The (La/Yb) UCC ratios in Unit 2 of the residues are higher than those in the bulk sediments (means=1.35±0.06 and 1.14±0.06, respectively, n=31), and the (La/Yb) UCC ratios in the residues from other units are close to those of the bulk sediments. By contrast, the (Gd/Yb) UCC values in the residual fractions and the bulk sediments from Unit 2 are sim-ilar (means=1.23±0.05 and 1.28±0.06, respectively, n=31), and these values in the residual fractions from other units are significantly lower than those in the bulk sediments ( Figure 3 , Table 2 ).
The UCC-normalized REE patterns of the bulk sediments and the residual fractions show completely different characteristics (Figures 4a and 4b) . The bulk sediments are characterized by convex-up patterns with strong enrichment in MREEs (especially Gd and Eu) relative to LREEs and HREEs. The residual fractions, however, show relatively flat REE distribution patterns. Substantial variations can be observed in the fractionation degree of REEs among different units of the residual fractions (Figures 4c-4f); for instance, the (Gd/Yb) UCC ratios in Units 1 and 3 are similar (1.12±0.06 and 1.10±0.03, respectively) but apparently lower than those in Units 2 and 4 (1.23±0.05 and 1.18±0.07, respectively) ( Table 2 ). Clear positive gadolinium (Gd) anomalies appear in the UCC-normalized patterns of both the bulk sediments and the residual fractions ( Figures 4a and 4b), and they were assumed to have originated from human factors in previous studies [68] ; however, Yang et al. [38] studied the REE composition of Chinese fluvial sediments and suggested that this behavior reflects the fractionation of MREEs associated with specific minerals.
Heavy mineral assemblages of sediments in Core S3
Heavy mineral analysis results were obtained from 2-4 layers in each of the four units. We use the average mineral composition of different layers to represent the overall mineral composition characteristics of each unit. The heavy mineral types and contents of the sediments in the four units of Core S3 are listed in Table 2 . The heavy mineral assemblages in sediments from potential sources, such as Changjiang, Huanghe and Taiwan rivers, are also listed in Table 3 . The main heavy mineral assemblage in the sediments in the four units is amphibole, epidote, zircon, pyrite and magnetic minerals. 
Discussion
Influence of river-sea processes on the source sediments of S3 over the past 3000 years
The OT, located at the East Asian continental margin, has experienced continuous deposition of late Quaternary terrigenous sediments delivered mainly from the major rivers of mainland China and partly from Taiwan rivers [3, 4, 23-25, 33, 69] . Sediments deposited in the submarine trough feature complicated mineral compositions because of the complex transport processes of weathering products from the source regions. As mentioned earlier, the residual fraction is mainly composed of silicates, aluminosilicate minerals and a small number of heavy minerals that are insoluble in dilute HCl [42] . In contrast, bulk sediments also include acid-leachable phases (i.e., carbonates, phosphates, Mn-Fe (hydr)oxides and organic matter) in addition to the residual fraction [57] ; hence, the geochemical characteristics of the bulk sediments from the marine environment should reflect the interactions among seawater, parent rock, weathering and sorting processes [70] [71] [72] [73] . Therefore, variations in the REE composition between the residual fractions and the bulk sediments are expected to reflect the possible effects of river-sea processes on detrital sed-iments transported from the source regions over the past 3 ka.
In general, REEs can be scavenged from seawater and bound to the surfaces of Mn-Fe (hydr)oxides, bound to carbonates, fixed and coagulated in organic materials, and stabilized and precipitated after the formation of REEenriched phosphates [38, 46, [74] [75] [76] [77] [78] [79] [80] . The most noticeable REE composition difference between the bulk sediments and residual fractions is that the ∑︀ MREE values in the bulk samples are relatively higher in all units of Core S3 than those in the residues (Figure 3 , Table 2 ). Furthermore, the bulk sediments are characterized by convex-up REE patterns with strong enrichment in MREEs, while the residual fractions show relatively flat REE patterns (Figure 4a and 4b). MREEs can be concentrated in carbonate, apatite, Fe-Mn oxides, and organic matter, as has been well documented by earlier studies [81, 82] . Among the four units, the bulk sediment and the residual fraction in Unit 1 tend to have the largest gap in MREE values, which corresponds well to the relatively high apatite content in Unit 1 ( Table 3 ), suggesting that the high content of MREE-enriched apatite in Unit 1 may be one of the main factors contributing to the MREE bulge in the REE pattern of Unit 1. The MREE bulges in the REE patterns of other units may be related to other MREE-enriched minerals. Sequential leaching experiments for Fe-Mn oxide phases suggest that the MREE enrichment present in sediments from Chinese rivers and East China Sea shelves is closely associated with amorphous Fe oxide minerals formed in suboxic and/or anoxic environments [38, 42, 57, 82] . These results indicate that a high proportion of MREE-enriched fractions, such as authigenic carbonate and Fe-Mn oxides, were also added to the terrigenous sediments in Core S3 during the riversea processes, causing a MREE compositional enrichment that is essentially unrelated to the initial detrital compositions from the source region. The MREE contents in the leachable components vary among the different depositional units (Figure 3 ), which may result from two factors: the availability of MREEs adsorbed by the acid-leachable phases in the bulk sediments varied over time; or the leachable fractions with different depositional ages are composed of Mn-Fe (hydr)oxides, organic materials, carbonates and phosphates in different proportions.
The differences in the proportions of various accessory minerals or the bulk mineralogical composition may be responsible for the distinctive REE patterns [42] . More obvious LREE enrichment can be observed in the UCCnormalized patterns of the residual fractions relative to the bulk samples (Figures 4a and 4b ). We argue that the minerals (e.g., carbonates) that have dilution effects on the REE contents in the bulk sediments were removed by the treatment process; consequently, the percentages of the LREEenriched minerals (e.g., monazite, sphene, allanite, and epidote) in the residues increased, which may be responsible for the LREE enrichment features in the residues (Figure 4) .
The HREE contents in the residues from Unit 2 are relatively lower than those in other units (Figure 3 ), which may be associated with a relatively low proportion of heavy minerals, such as zircon and garnet, which generally contain high abundances of HREEs [38] . However, our heavy mineral analysis results show that the sediment in Unit 2 has a relatively higher proportion of zircon and garnet than other units ( Table 3 ), suggesting that zircon and garnet are not the main factors affecting the HREE contents in Unit 2. REEs are preferentially associated with the clay mineral fraction in offshore sediments [83] , while heavy minerals contribute only approximately 10-20% of the total REE concentration [38, 84] . Thus, we infer that the low HREE contents in this unit might be attributed to variations in fine-grained weathering products in the source area and that the sediment source of this unit may be different from those of the other units.
The soluble carbonate complexes and authigenic minerals formed by particulate-water reaction processes [85] can also contribute to sediments, causing a compositional change/modification in original clastic composition [42] .
The similar HREE contents in the bulk sediments from different layers of Unit 2 (Figure 3 ) clearly suggest that the original REE composition of the sediments were modified by unstable fractions formed in complex physicalchemical conditions.
Many studies have confirmed that the element Ce is sensitive to variations in the redox conditions, the presence of Fe-Mn oxides, and the types of clay mineral [86] [87] [88] . In our study, Ce anomalies are nearly absent in the profile of the bulk sediments ( Figure 3) ; however, the δCe values of the residues vary within a relatively wide range, and slightly positive Ce anomalies are observed in the residual fraction from many layers (Figure 3) , which demonstrates that the initial clastic sediments transported from the source areas were likely homogenized by the riversea processes that weakened the degree of REE fractionation [61] . According to the δEu values, clearer Eu anomalies are found in the residues than in the bulk samples, further illustrating that the REE fractionation of river sediments was likely weakened by river-sea processes.
Apparently, the original chemical composition of the terrigenous material deposited in Core S3 was altered by multiple complex geochemical and physicochemical conditions during the transport and deposition processes from the source area to the SOT, and similar phenomenon has also been observed in other study areas [45] [46] [47] [48] 50] . The residual fraction is relatively stable under conventional geochemical and physicochemical conditions, while the acid-leachable fractions are easily modified by changes in the environment [82] . Our results indicate that MREEs are more labile than LREEs and HREEs and that the MREEs enriched in the acid-leachable fractions could be released to the water or move back to the particulates during particulate-water interaction processes. Therefore, identifying the sediment source of Core S3 using the REE composition of the MREE-enriched bulk sediments is not straightforward because of the modifying effects of the acid-leachable fraction on the REE composition related to river-sea processes, as documented by earlier studies [42, 57, 61] . However, further research is needed to evaluate the effects of each unstable fraction on the bulk REE composition under the premise that the REEs present in slightly resistant REE-bearing minerals are not released during the sequential extraction procedure. 
Main factors controlling the REE contents in the residual fraction of Core S3
Variations occurring in the REE composition of sediments from marginal seas generally result from various factors, including the composition of parent rocks, the intensity of chemical weathering, the effect of hydrological sorting, differences in mineral assemblage, etc. [25, 34, 38] . However, the sediment provenance can be identified as the predominant factor controlling the REE components [38, 57, 67] , which is supported by recent studies in the middle and northern OT [25, 26, 34] . Many studies have shown that REEs tend to be enriched in fine-grained fractions and depleted in coarsegrained fractions because of the dilution action of quartz and carbonate minerals, which is commonly called the grain size effect [36, [89] [90] [91] . A recent study on the transport pattern of river sediment suggests that REEs are greatly influenced by hydraulic sorting even before arriving at the continental margin [61] . Therefore, to better discriminate the sediment source, we tested the possible effects of hydraulic sorting on the REE composition and fractionation parameters of the sediments in Core S3 by performing a correlation analysis of the REE contents with the average grain size (Figure 5a ). However, no obvious correlations were observed in either the mean grain size vs.
∑︀ LREE plot or the mean grain size vs.
∑︀ HREE plot, thus implying that grain size is not a significant factor controlling the REE composition of the residual fractions. Consequently, the REE contents in the sediments collected from the SOT were not dominated by hydraulic sorting.
The bulk sediments in the study area are usually composed of two parts: one part is the acid-leachable fraction, which mainly consists of Mn-Fe (hydr)oxide, biogenic or detrital carbonates and apatite; and the other part is the insoluble fraction, which consists mostly of silicates and aluminosilicates. A majority of the mobile fraction was removed effectively during the pretreatment procedure with dilute HCl [25, 38, 56, 57, 59] ; therefore, the REE composition of the residual fraction measured in this study can generally be regarded as the contribution from the siliciclastic fraction. According to the above reasoning, we suggest that chemical weathering plays a negligible role in controlling the REE composition of the residual fraction from Core S3 [25, 34] . In addition to the siliciclastic fraction, the residual fraction usually contains a few accessory heavy minerals (e.g., zircon, garnet, monazite, allanite, and titanite), which may cause notable fractionation of the bulk REE composition because REEs are usually enriched in these minerals [36, 67, 92, 93] . To evaluate the potential effects of heavy minerals on the REE contents of the residual fraction, a correlation analysis was performed with the contents of REEs and elements associated with heavy minerals. As shown in Figure 5b , no evident correlation was recognized between the contents of elements associated with heavy minerals (the sum of Zr, Hf, Th and U) and ∑︀ LREE, and only a weak correlation was found between elements associated with heavy minerals and the ∑︀ HREE values of the residues. Moreover, previous studies implied that heavy minerals contributed only 10-20% of the total REE contents in riverine sediments [38, 84] . The mean grain size of sediments in Core S3 is considerably smaller than that of sediments in the surrounding rivers. Therefore, we infer that the contribution of heavy minerals to the REE composition of the residual fraction was extremely limited and heavy minerals may not have been a dominant factor controlling the REE contents of the sediments in core S3.
Based on the above interpretations, our results suggest that the differences in REE contents and fractionation parameters of the siliciclastic sediments can be used as reliable tracers for discriminating the sediment source of Core S3.
Application of the REE characteristics in the residual fractions for discriminating the source of Core S3
The REE geochemical characteristics of river sediments could be used as tracers for identifying the source of marine sediments because of their highly conservative geochemical behavior in hypergene environments [41] . However, the geochemical characteristics of source rocks are modified by complicated chemical and physical procedures within river-sea systems [36, 61, 94] . In addition, many studies have shown that REE composition is greatly influenced by in-river processes, such as, hydrodynamic sorting and sediment-water synergy [61, 95] . Our results also suggest an evident modifying effect of transport and deposition processes on the elemental composition of initial terrigenous materials in the SOT. Therefore, discriminating sediment source by using the REE contents of bulk sediments does not provide unequivocal proof, whereas the measured REE composition of the residual fraction dominated by silicate detritus is advantageous for source discrimination. The residues separated from the bulk sediments by treatment with dilute HCl were subjected to REE content measurements. Accordingly, most of the soluble fractions, such as Mn-Fe (hydr)oxide, carbonates and apatite, were removed from the bulk sediments [56, 57, 90] . Consequently, we infer that the REE composition of the residues mainly reflects the contributions of detrital silicate minerals, which are principally derived from eroded terrigenous and volcanic materials and contain reliable information for the identification of sediment source. Only by fully understanding the potential source regions and material end-members can we reasonably determine the sediment source [4] . Previous studies have suggested that terrigenous particulate matter in the OT is generally associated with terrigenous sediment carried by the Changjiang, Huanghe and Taiwan rivers [23, 25, [96] [97] [98] , which means that sediments discharged from the estuaries of the largest rivers are vital sedimentary end-members for Core S3. The locations of the Changjiang and Huanghe estuaries have not changed since the late Holocene [20] ; thus, modern samples from these locations are suitable for constraining the sediment source of Core S3. In this study, REE data for the Changjiang and Huanghe residual sediments, processed using with pretreatment methods similar to those in this study, are cited as two end-members [38] . Because most of the previous studies on Taiwan river sediments were limited to bulk sediments samples [41] , the REE data of detrital sediments in the nearby Hole 1202B over the last 3000 years are cited as the Taiwan river sediment end-member, because studies on isotopes and clay minerals have confirmed that these sediments mainly originated from Taiwan rivers [4, 32] . Considering that eruption products produced by submarine volcanoes and volcanic material conveyed from Japanese island volcanoes exert an important control on the siliciclastic sediments in the OT [28] , data from volcanic rocks in the OT are cited as another potential material end-member [99] .
Here, we compare the UCC-normalized REE patterns of Core S3 with those of the potential sources (Figures 4c-4f) . Obviously, the sediments in S3 have patterns similar to those of river sediments but completely different from those of volcanic rocks (Figures 4c-4f) ; thus, we suggest that the influence of volcanic materials on sedimentation in the SOT is minimal because of the dominance of fluvial input. The patterns of samples from Units 1 and 3 are characterized by relative enrichment in HREEs and depletion in LREEs (Figures 4c and 4e ). In addition, large differences in the REE composition and fractionation characteristics can be observed among these units (Figure 3 ). Such features indicate that the sources of sediments in different units of Core S3 may have changed over time.
In this paper, a discrimination diagram based on (La/Sm) UCC vs. (Gd/Yb) UCC is applied to constrain the sediment sources in Core S3 ( Figure 6) and has been successfully used in previous studies [25, 34, 41] . Samples in the oldest unit (Unit 1, deposited from 2995-1442 a) mainly fall in the area of Changjiang sediments, and only a few points are close to the Taiwan riverine sediments, which indicates that the siliciclastic sediments in Unit 1 mainly originated from Changjiang and that the influence of Taiwan rivers was limited (Figure 6a ). However, the (La/Sm) UCC and (Gd/Yb) UCC values of Unit 2 (deposited from 1442-694 a) are consistent with those of Taiwan sediments, and only a few points are similar to Changjiang sediments; thus, we infer that sediments from Taiwan Island were the dominant contributors to Unit 2 and that Changjiang-derived sediments were secondary contributors (Figure 6b ). Furthermore, Fig-Figure 6 : Discrimination plots of (La/Sm) UCC and (Gd/Yb) UCC for the sediments in Core S3. Values for Changjiang and Huanghe riverine sediments [38] , Taiwan river sediments [4] , and volcanic rocks [99] are also cited for comparison. ure 6c shows that samples from Unit 3 mainly fall in a cluster close to Changjiang sediments, implying that Unit 3 (deposited from 694-293 a) was primarily sourced from sediments carried by Changjiang. In the scatter plot for the uppermost unit (Unit 4, deposited from 293 a-present), one group of points is distributed in the region of Taiwan river sediments, and the other falls in the area of Changjiang sediments, suggesting that the sediments in Unit 4 represent a mixture of sediment from Changjiang and Taiwan Island (Figure 6d ). Bentahila et al. [35] argued that 30% of the sediment in the SOT is derived from Chinese loess (the main component of Huanghe-derived sediment). However, distinct differences are observed between the scatter plot of Huanghe sediments and the plot of S3 sediments, implying that sediments carried by Huanghe were an insignificant contributor to the siliciclastic sediments in S3. This finding is in accordance with the results of a previous study showing that Huanghe-derived sediments could not be transported to the SOT freely in the modern ocean current system [100] . The REE composition of the volcanic rocks was quite different from that of Core S3 (Figure 6 ), which probably means that volcanic materials have a negligible impact on the sediments found in S3. Additionally, no identifiable volcanic debris or volcanic ash layers were found in Core S3, similar to a previous study on the nearby ODP Hole 1202B [101] . Therefore, volcanic detritus transported from nearby areas was not a major factor controlling the sediments deposited in the SOT, at least over the past 3000 years.
Evidence from clay minerals and radiogenic isotopes in the detrital sediment collected at ODP Hole 1202B in the SOT suggests that the sediment source of the SOT has been dominated by Taiwan-derived sediments since the Holocene [4, 32] . However, the grain size compositions and the average bulk sedimentation rates differ markedly between Core S3 and ODP Hole 1202B (the sand and clay fractions are relatively low in S3, and the estimated depth corresponding to 3 ka is 4.2 m below the seafloor (mbsf) in Core S3 and 11.5 mbsf in Hole 1202B) [32, 54] . Therefore, the depositional environments of these two sites have been quite different since the late Holocene. Thus, it is not surprising that our REE data show clear changes in sediment source, with Units 1 and 3 dominated by Changjiangderived sediments and Units 2 and 4 featuring higher Taiwan-derived sediment fluxes.
Heavy mineral assemblages are considered sensitive indicators for sediment source discrimination [38, 102, 103] . The heavy mineral composition is generally inherited from the source rocks and hardly changes during weathering and transport processes; thus, the heavy mineral assemblage can be used to determine the characteristics of source rocks directly [102] . The major heavy mineral assemblage in sediment from the Changjiang estuary is characterized by amphibole and epidote (Table 3 ) [104] . The sum of amphibole and epidote in Unit 1 (52.57%) and Unit 3 (40.8%) was significantly higher than that in Unit 2 (24.21%) and Unit 4 (31.72%) ( Table 2) , indicating that Changjiang-derived sediment contributed significantly to the sediment in Units 1 and 3. The heavy mineral assemblage characteristics of sediment at the mouths of Taiwan rivers are characterized by zircon and pyrite (Table 3 ) [103] . The sum of zircon and pyrite in Unit 2 (11.33%) is evidently higher than those in other units (Table 3 ), suggesting that the flux of Taiwan-derived sediment was remarkably higher during deposition of Unit 2 than during the deposition of the other units. The sum of amphibole and epidote in Unit 4 is lower than those in Units 1 and 3 but higher than in Unit 2 ( Table 3) , which may indicate mixed contributions from both Changjiang and Taiwan rivers. The heavy mineral composition of sediment from Huanghe catchment mainly consists of biotite, amphibole, and epidote (Table 3 ) [105] , which is different from the heavy mineral assemblages in the four units of Core S3, suggesting that Huanghe-derived sediment was not a significant source of the sediment in S3. The heavy mineral composition of the sediment in Core S3 also suggests that Units 1 and 3 are composed mainly of Changjiang-derived sediment, whereas Units 2 and 4 contain higher proportions of Taiwan-derived sediment. This conclusion further supports our understanding of the sediment source transition in Core S3 based on REE composition.
The possible transport patterns of the terrigenous sediment deposited in the SOT during the last 3 ka
The temporal variations in the REE composition of the sediment in Core S3 (Figure 3 ) suggest that the detrital sediments in S3 might be derived from different sources and might have resulted from different transport patterns over the past 3 ka. The transport processes for detrital sediments deposited in the study area are mainly controlled by changes in sea level, oceanic circulation and the monsoon climate [106] . Only a slight reduction in the global sea level has occurred since the late Holocene (Figure 7a ) [107] , suggesting a decrease in sea level did not play a significant role in changes in the transport processes and that the Changjiang-derived sediments in Core S3 were not supplied directly from the river mouth. The time at which the KC re-entered the OT is still controversial (between 16 ka and 7.3 ka BP), despite the examination of many proxy records [15, 16, 21, 32] . However, the location of the main stream of the KC has remained stable since the late Holocene. The modern oceanic circulation patterns in the ECS fully developed during the middle Holocene (Figure 1) [21, 25] . Sedimentation in the OT since the late Holocene has been closely associated with the competing processes of the KC and the oceanic circulation in the ECS [25, 31] .
The REE composition in Units 1 and 3 are very similar to that of Changjiang-derived sediments. Some evidence suggests that the KC and Taiwan Warm Current can block terrigenous materials originating from mainland China and deliver Taiwan river sediments to the SOT and even to the central and northern parts of the OT [3, 25, 26, 33] . Furthermore, these currents can erode the CSECS and cause the redeposition of the shelf sediments at the same time [108] . Therefore, we deduce that the siliciclastic sediments in Units 1 and 3 were transported from the CSECS laterally via strong reworking and erosion of the continental shelf edge composed of paleo-Changjiang sediments by ocean currents during these periods. Studies based on sediment trap experiments have confirmed that a large quantity of suspended or resuspended terrigenous particles from the outer CSECS could be transported to the OT [23, 96] . Due to a lack of ECS samples subjected to the same pretreatment methods, a comprehensive comparison of REE characteristics cannot be performed between the sediments in Core S3 and those from CSECS.
In contrast, the REE composition of the sediment in Unit 2 is similar to that of the Taiwan-derived sediment, implying that the siliciclastic sediments deposited in Unit 2 were mainly sourced from Taiwan and transported by northward ocean currents to the SOT. The REE composition of sediment in Unit 4 presents a mixture of the compositions of Changjiang and Taiwan sediments, and this mixture may have result from two transport patterns: Taiwanderived sediments carried by ocean currents were mixed with reworked shelf sediments of Changjiang origin in the depositional area or far-traveled Changjiang-derived sediment transported by the coastal current were initially mixed with the suspended sediment from western Taiwan rivers in the Taiwan Strait [109] and then the sediment mixture was transported to the SOT by the Taiwan Warm Current [110] .
The proxy records based on planktonic foraminifera have been determined to reflect the intensity of KC (Figure 7c) [111] . Units 1 and 3 tend to correspond to stronger [112] , and Kuroshio Current proxy (c) [111] .
KC intensities than Units 2 and 4 during the last 3 ka (Figure 7c) . Therefore, because the intensity and erosive power of the KC was relatively strong during the periods of Units 1 and 3, the sediment deposited in the SOT may have been mainly resuspended terrigenous sediment eroded from the CSECS by ocean currents. The intensity and erosive power of the KC was relatively weak during the periods of Units 2 and 4, and the sediment flux from Taiwan carried by the KC and its tributaries therefore dominated the sediment flux in the SOT.
The climate in the study area is dominated by the East Asian monsoon system, and stalagmite δ 18 O records suggest a weak and stable East Asian summer monsoon during the late Holocene (Figure 7b ) [112] . Thus, variability in the climate may have played a second order role in the transport patterns of the terrigenous sediment deposited in the SOT. To investigate the effect of climate changes on the long-distance transport of sediment from source regions need more geochemical and mineralogical proxies, which is beyond the scope of this study.
Overall, our REE data suggest that the reworked shelf sediments of Changjiang origin represent an important fraction of the fine-grained sediments that in Core S3 collected from the SOT and that Taiwan-derived sediments also played an important (but much smaller than previously thought) role in this area. The temporal variations in sediment sources in Core S3 can be roughly constrained by our discrimination plot ( Figure 6 ). Nevertheless, regional studies based on single sites and methods are not persuasive, and comprehensive studies of the transport patterns and river-sea interactions require additional investigations of the geochemical and mineralogical proxies in samples on different spatial and temporal scales.
Conclusions
Terrigenous sediments samples from Core S3 collected from the SOT were measured for high-resolution REE composition and heavy mineral composition. Compared with the bulk sediments, the siliciclastic fraction in S3 is characterized by remarkably lower MREE contents and more variable REE fractionation parameters and UCC-normalized patterns. Our REE data indicate that MREE-enriched fractions, such as Fe-Mn oxides, apatite and carbonate, were added or attached to the original sediments before sedimentation and that the source area-related REE fractionation patterns in the sediments were weakened and mod-ified by complicated chemical and physical processes in the river-sea system. Thus, caution must be exercised when using the REE composition of bulk sediments for source studies.
The downcore variations in REE composition allowed us to divide the core sediments into four units: Unit 1 (2995-1442 a), Unit 2 (1442-694 a), Unit 3 (694-293 a) and Unit 4 (293 a-present). The temporal variations in sediment sources in S3 can be roughly discriminated by the REE fractionation parameters of the residual siliciclastic fractions, and the results are largely in agreement with the findings obtained by heavy mineral examinations. Units 1 and 3 mainly originated from reworked shelf sediments of Changjiang origin, while Units 2 and 4 featured higher proportions of Taiwan-derived sediment. Both Changjiangderived sediments and Taiwan-derived sediments played important roles in the accumulation of fine-grained sediments in S3, but the sediment flux from Taiwan was much smaller than previously thought. Huanghe-derived sediments and volcanic materials did not contribute significantly to the late Holocene sedimentation in the SOT. The large variations in sediment sources in S3 might have been caused by variations in the transport patterns driven by time-dependent changes in oceanic currents. 
